The structure of molten albite (NaAlSi 3 0 8 ) at 1460K has been determined by the high temperature energy dispersive X-ray diffraction (EDXD) method. Tetrahedral local ordering structure of Si0 4 and A10 4 is suggested
INTRODUCTION
A knowledge of molten silicate structure and its composition dependence is essential for rationalizing phase equilibria, transport and rheological properties and crystallization phenomena /1,2/. The scattering of X-rays for molten silicates is probably the most structurally sensitive technique which provides their radial distribution functions (RDFs). However, only a few investigations on the in situ X-ray diffraction measurements have been made for molten silicates in comparison with the results in the corresponding glassy state.
The relation between observed intensity data and RDF has been well discussed in detail /3-6Λ Here the typical RDF of the molten NaAlSi 3 O g by using Mo Κ a radiation is shown in Fig. 1 together with that of molten S1O2 PI. The RDF profiles of molten silicates are composed of a very sharp and completely resolved first peak followed by a number of smaller peaks. The oscillations decay rapidly and no structurally Vol. 17, No. 3, 1998 
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local ordering structure and its distribution; then the high resolution RDF will be strongly required. The energy dispersive X-ray diffraction (EDXD) may be one of the useful diffraction methods, which makes it possible to obtain the structural information in the large Q (4;rsin 0/i.)-region where θ is a half of the scattering angle and A is a wave length of X-ray. For instance, the interference function over the value of Q = 200 nm" 1 can be easily obtained when X-ray of Ε = 40 keV with the diffraction angle of 80° is used. This contrasts with the usual limit of 150 nm" 1 in the conventional angler dispersive X-ray diffraction (ADXD) measurement with Mo Ka radiation. This strongly prompted us to apply the advanced EDXD technique to the analysis of molten silicates. The purpose of this work is to report a high resolution RDF of molten NaAlSi 3 O g determined by the high temperature EDXD method.
DESCRIPTION OF THE EDXD APPARATUS
The EDXD experiments were carried out on a laboratory set-up consisting of a high-power constant potential generator (Rigaku 4037), a conventional X-ray tube and a Θ-Θ vertical type goniometer at the Institute for Advanced Materials Processing (LAMP), Tohoku University, Japan, as shown in Fig. 2 . This system with a Θ-Θ type goniometer in the vertical setting makes it possible to measure the scattering intensities from the free surface of a molten sample. An X-ray tube with W (Rigaku A-41-W) was used to produce strong white X-ray radiation. The X-ray photons registered by an intrinsic germanium type solid state detector (Ge-SSD; EG&G ORTEC GLP 16195/10P) were processed by a multi-channel pulse-height analyzer (Laboratory Equipments Co. Mca9801BX) and the full spectrum up to 60 keV was discriminated electrically with an interval of about 50 eV/channel. The shaping time was set to 6 μ sec which offers a good compromise between high counting rate and resolution. The relation of photon energy versus channel number was calibrated by measuring the fluorescent X-rays of several pure metals such as Fe, Mo and Pd. When X-ray photons come into the Ge-SSD, some portion of the photons is used to excite Κ core electrons of detecting materials of germanium. This causes the so-called escape effect by producing a pair of peaks at positions where their differences are the energies of Ge Ka and Κβ fluorescent X-rays. The degree of this effect can be experimentally determined and was considered in data analysis. The intensity over 30000 counts is always accumulated at each channel of Overall view of an EDXD spectrometer with a high temperature chamber for the high temperature structural study of a melt. A SSD of intrinsic Ge is used for obtaining the diffraction spectrum as a function of X-ray energy.
whole spectrum. The high temperature chamber mounted at a goniometer axis has a slot with a Be window (15 mm wide) through the water-cooled enclosure wall. This allows the passage of X-rays and controls the atmosphere around the molten samples. A sample cell is set on the heating block made of A1 2 0 3 at the center of the chamber. This heater block is connected with the elevation and azimuth controls so that the melt surface of a sample cell can be set horizontal and at the same level with the goniometer axis. The platinum wires of 0.8mm φ were used as a heating element and temperatures can be controlled within ±5 Κ by monitoring the output from the Pt-Ptl3%Rh thermocouple just below the sample cell.
Samples of NaAlSi 3 Og were prepared from the required amount of Na 2 C0 3 , A1 2 0 3 , Si0 2 (Kanto Chemical Co. Ltd.). The weighted chemical reagent was melted in a platinum crucible at about 1500K. Then obtained samples were crushed into small flakes of about a few mm in size and melted in a platinum crucible again. Repeating this procedure three times, the starting glassy samples for the high temperature Xray measurement were prepared. The samples were charged into a platinum container (35x17x3 mm 3 ) and settled in the center of a furnace. The X-ray source was operated at 55 kV and 20 mA. Since sharp W L fluorescent lines appeared at energies of approximately 10 keV and the intensity of X-ray photons of energy higher than 45 keV was very low, only the energy region from about 15 keV to 40 keV was empirically considered in the present analysis. This empirical condition establishes that a number of EDXD profiles at 2 θ= 6, 8, 15, 20, 38,48, 60 and 74° were measured in such a way that any two consecutive 2 θ runs overlap in the sufficient range in g-space.
This paper also includes the corresponding results of ordinary ADXD measurement by using Mo Ka radiation. The scattering intensity was measured by scintillation detector coupled with a pulse-height analyzer and a pyrolitic graphite monochromator in the diffracted beam path. The total intensity measured at the first peak of the scattering profiles was over 80000 counts, and at least 20000 counts were collected even at the angle of minimum intensity. It should be worth mentioning here that the present experimental facility is applicable to both ADXD and EDXD measurement, when the combination of counters and X-ray sources is changed with respect to a selected method.
FUNDAMENTALS OF THE EDXD METHOD
An EDXD method using Ge-SSD utilizes white X-ray radiation and a fixed diffraction angle 2 Θ. This is in contrast to the conventional ADXD method, which uses a monochromatic X-ray and the angular scanning mode. Details of the principles and data analysis for the EDXD method for non-crystalline materials have been well described by many authors /8-12/. Therefore, only a few additional details are given below.
The EDXD spectrum is composed of coherently and incoherently scattered components from the sample. The relation between the registered EDXD intensities, 7 obl (£, Θ), and their individual constituents may be expressed as follows: 
P(E ,Ε\Θ)Ι p (E')I tnc (Q)
where C(E) is a normalization constant including counting efficiency of the Ge-SSD used for the experiment, / 00 h(£, Θ) and I mc (E,E',9) are the coherent and incoherent components of scattering intensities from a sample as a function of X-ray energies and scattering angles. E' is the initial energy for incoming X-ray photons, which is reduced to Ε after the Compton scattering. I V (E) is the intensity profiles of the primary Xrays. Ρ{Ε,Ε',Θ) and Α (Ε,Ε', Θ) are the polarization and adsorption factor, respectively. It should be noted that the Breit-Direc recoil factor R(E,E) cancels a correction factor of the incoherent spectrum contraction dE7dE /8/. The absorption factor Α(Ε,Ε',Θ) is readily calculated by the analytical expressions coupled with the mass absorption efficient as a function of X-ray energies /13/. The polarization factor is known to be a function of a degree of polarization for the incident Χ-Ι 57
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Structural Study of Molten Albitd (NaAlSi^Og) by the High Temperature Energy Dispersive X-ray Diffraction(EDXD)Method rays n{E) /8,11,12/. Therefore, a feasible π(Ε) function was estimated from the diffraction intensity measurements of a Si0 2 glass /14/ and the obtained experimental π{Ε) function was applied in the present analysis. / coh (<2) is a structurally sensitive part of the total EDXD spectrum. In order to determine the /«,h(0, the determination of the primary X-ray intensity I P (E) is the most essential and difficult processing. However, this can be readily carried out by using the characteristic features in X-ray scattering of disordered materials /8,9,11/. Since /«*((?) will tend toward </> with the increment of the value for the wave vector Q, equation (1) can be approximated into the following expression at the large Q-region using I 0 (E)(=C(E) 7 P (£))
^(Ε,θ) = Ι α (Ε)[Ρ(Ε,θ)Α(Ε,θ)(/
2 > + < 4 >
Ι^-Ρ(Ε,Ε\Θ)Α(Ε,Ε\Θ)Ι^)]
Although the Compton shift becomes appreciable in the region with large values of Ε and 2 Θ, I 0 (EYI 0 (E0=1.0 is assumed in the first iteration step for obtaining I 0 \(E) from equation (4) . In the second iteration, the approximation of Io(Eyi(£E)=Ioi(Eyio\(E) makes it possible to obtain more reliable primary X-ray spectrum ICQ(E). Such calculating steps are iterated four or five times in order to obtain a reliable I 0 (E) spectrum. By using the obtained primary beam spectrum with enough accuracy, it is now possible to calculate the pieces of In the case of ADXD analysis, calculating procedure for obtaining RDFs from the measured intensity data has been well discussed in detail /3-6/ and is not duplicated here. Figure 3 shows the raw EDXD data for NaAlSi 3 0 8 (albite) melt at 1460K. The determination of the S(Q) profile in the wide Q region was made by obtaining several S(Q) pieces at different values of 2 θ= 6, 8, 15, 20, 38, 48, 60 and 74° in this work. The energy distribution of the primary x-ray beam was estimated by using the EDXD spectrum measured at 2 θ = 74°, thus, the calculated pieces of S(Q) in the molten NaAlSi 3 0 8 were jointed so as to obtain Ml S(Q) profile as shown in Fig. 4 . The resultant Qi(Q) and RDF of NaAlSi 3 0 8 melt together with those of the conventional ADXD results are given in Fig. 5 and Fig. 6 , respectively. Interference function and RDF of NaAlSi 3 0 8 melt determined by EDXD technique agree well with those obtained by the conventional ADXD technique. The present RDF data of EDXD, however, is superior to that of ADXD in its resolution because the interference function is determined in the large Q-region up to about 240 nm' 1 . In particular, the first neighboring Na-0 pair is well discriminated from a harmony of Si-0 and O-O correlations. A slight hump at the larger r side of the first peak appears to indicate the contribution of Al-0 pairs. These results clearly indicate that the EDXD technique basically works well on structural investigation for molten silicates. It should be noted that a small peak at about 0.2 nm is attributed to the enhancement arising from a harmony of main T-O pairs at 0.162 nm where Τ is Si or Al and Na-0 pairs at 0.237 nm by analyzing the usual truncation effect in Fourier transformation.
RESULTS AND DISCUSSION
It is also interesting to compare the structure of modern albite with that of the crystalline albite structure /15/. There is a close correspondence between the molten albite and crystalline albite up to about 0.35 nm and this may suggest a common primary structure of tetrahedrally coordinated silicon and aluminum atoms sharing all four corners with other tetrahedra. On the other hand, the RDF of molten albite indicates a relatively low probability of finding atomic correlations at around 0.45 nm and this contrasts with the crystalline structure where many atomic pairs of T-0 and T-T Energy / keV Energy / keV structural model for the molten albite is exemplified by the schematic diagram in Fig. 7 . This discussion may also be supported by the close similarity in the oscillating phenomena up to 0.6 nm detected in RDFs of the molten albite and molten Si0 2 111 including the results of corresponding glasses /16-18/, where the six-membered ring of crystobalite or tridymite structures was generally suggested as a realistic local structure /17-18/.
CONCLUDING REMARKS
The high temperature energy dispersive X-ray diffraction (EDXD) facility has been newly applied for obtaining well-resolved RDF data of molten albite (NaAlSi 3 0 8 ). The reduced interference function obtained by EDXD agrees well with that by ADXD. The obtained Qi(Q) function over 200 nm" 1 allows us to obtain high resolution RDF and this superior point is one of the powerful experimental results in discussing the medium range structure in disordered materials, as well as the local ordering structure in near neighbor region. In particular, the well resolved Na-0 and 0-0 contributions together with a sharp T-O correlation at 0.162 nm are examples of improved results obtained by the EDXD analysis. The present results clearly suggest the local structural unit of S1O4 and A10 4 in the structure of molten albite, which is similar to those in the crystalline albite. With respect to the linkage of these structural units for the melt structure, the sixmembered ring is formed as one of the most important linkages of local structural units, at the expense of the four-membered ring found in the crystalline albite. It would be of great interest to apply this developed EDXD technique to the structural analysis of molten silicates.
